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The GTPase dynamin, a key player in endocytic
membrane fission, interacts with numerous proteins
that regulate actin dynamics and generate/sense
membrane curvature. To determine the functional
relationship between these proteins and dynamin,
we have analyzed endocytic intermediates that
accumulate in cells that lack dynamin (derived from
dynamin 1 and 2 double conditional knockout
mice). In these cells, actin-nucleating proteins, actin,
and BAR domain proteins accumulate at the base of
arrested endocytic clathrin-coated pits, where they
support the growth of dynamic long tubular necks.
These results, which we show reflect the sequence
of events in wild-type cells, demonstrate a concerted
action of these proteins prior to, and independent of,
dynamin and emphasize similarities between
clathrin-mediated endocytosis in yeast and higher
eukaryotes. Our data also demonstrate that the
relationship between dynamin and actin is intimately
connected to dynamin’s endocytic role and that
dynamin terminates a powerful actin- and BAR
protein-dependent tubulating activity.
INTRODUCTION
Endocytosis is the fundamental process in cell physiology
through which portions of the plasma membrane, along with
extracellular material, are internalized. Among the many forms
of endocytosis that operate in cells of higher eukaryotes,
clathrin-mediated endocytosis is the most extensively
characterized (Kirchhausen, 2000; Conner and Schmid, 2003;
Robinson, 2004; Doherty and McMahon, 2009; Traub, 2009).
This process starts with the assembly at the plasma membraneDevelopmeof coat proteins, progresses via the growth and invagination of
the coated bud, and is terminated by its fission in a reaction
that involves the GTPase dynamin (Takei et al., 1995; Hinshaw,
2000; Pucadyil and Schmid, 2009). Each of these steps and their
coordination requires a variety of accessory factors, most of
which are conserved from yeast to mammals. Yet, in spite of
the many similarities that have recently emerged between
clathrin-mediated endocytosis in yeast and metazoan cells,
important questions on the precise relationship between these
two processes remain open.
In yeast, endocytosis involving clathrin occurs at so-called
actin patches and is critically dependent on actin (Kaksonen
et al., 2005, 2006; Idrissi et al., 2008). Assembly of the coat is
followed by the recruitment of actin-nucleating proteins that
initiate an inward movement of the coated membrane patch.
This movement correlates with the formation of a tubular invag-
ination surrounded by BAR proteins that eventually undergoes
fission by an as of yet unclear mechanism. Most strikingly, there
is a lack of evidence for the role of an endocytic dynamin in this
organism. While a protein (Vps1) that shares homology to
dynamin is present in yeast, this protein does not appear to
have a role in endocytosis (Kaksonen et al., 2006).
Conversely, in cells of higher eukaryotes, dynamin plays
a major role in the fission reaction and an obligatory contribution
of actin has been questioned. Actin-nucleating proteins can be
detected on at least a subset of clathrin-coated pits and actin-
disrupting drugs, such as latrunculin, were shown by some
studies to inhibit clathrin-mediated endocytosis (Merrifield
et al., 2005; Moskowitz et al., 2005; Yarar et al., 2005). Yet, the
occurrence of latrunculin-insensitive, clathrin-dependent
endocytic reactions have also been reported (Moskowitz et al.,
2005; Yarar et al., 2005; Saffarian et al., 2009). Thus, the impor-
tance and mechanism of action of actin in clathrin-mediated
endocytosis remain unresolved.
Interestingly, dynamin binds a large variety of actin-regulatory
proteins either directly or indirectly (Orth and McNiven, 2003;
Schafer, 2004; Itoh and De Camilli, 2006), supporting a linkntal Cell 17, 811–822, December 15, 2009 ª2009 Elsevier Inc. 811
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Endocytic Intermediates in Cells that Lack Dynaminbetween clathrin-mediated endocytosis and actin in metazoan
cells. However, dynamin closely colocalizes with the protein
network that controls N-WASP/Arp2/3-mediated actin
nucleation even in cellular contexts that do not appear to be
directly implicated in endocytic fission, such as membrane
ruffles (Orth and McNiven, 2003), podosomes (Ochoa et al.,
2000), and actin tails (Lee and De Camilli, 2002; Orth et al., 2002).
We speculated that studies of cells lacking dynamin expres-
sion might help to provide new insight into these questions.
Studies of cells expressing dominant-negative dynamin mutants
or treated with drugs that block dynamin have been very useful to
explore dynamin function (Herskovits et al., 1993; van der Bliek
et al., 1993; Macia et al., 2006). However, mutant dynamin or
pharmacologically blocked dyanmin may act at least in part
directly by sequestering other factors. Thus, results of these
studies may not yield precisely the effect of lack of dynamin.
Mammalian genomes comprise three dynamin genes: dynamin 1
(gene symbol Dnm1), which is expressed primarily in the nervous
system (Ferguson et al., 2007); dynamin 2 (Dnm2), which is ubiq-
uitously expressed (Praefcke and McMahon, 2004; Ferguson
et al., 2007); and dynamin 3 (Dnm3), which is expressed primarily
in brain and testis (Cook et al., 1996; Ferguson et al., 2007). So
far, studies of cells that lack dynamin expression altogether
have not been reported. Studies of dynamin 2 KO fibroblast-
like cells showed a partial impairment of clathrin-mediated endo-
cytosis as well as of several other cellular functions, but inter-
pretation of the results was complicated by the expression of
dynamin 1 in these cells (Liu et al., 2008).
Toward the goal of gaining insight into dynamin’s action
relative to other endocytic factors and to actin, we used a condi-
tional gene KO approach in mice to generate cells that lack
dynamin. In these cells, a powerful and global impairment of
clathrin-mediated endocytosis was accompanied by a dynamic
actin-dependent tubulation of the neck of arrested coated pits
and by an accumulation of N-WASP/Arp2/3, other actin
nucleation factors, and BAR proteins at these invaginations.
Proteins present at such sites and their sequence of recruitment
demonstrate a strong similarity of these structures to yeast actin
patches. These results provide important new evidence for
a major conservation of critical aspects of clathrin-mediated
endocytosis from yeast to man. They additionally contribute
genetic data to support the hypothesis that BAR domain coated
tubular necks represent actin-dependent templates on which
dynamin assembles to promote fission.
RESULTS
Disruption of the Dynamin 2 Gene
Dynamin 2 is ubiquitously expressed and represents the major
and perhaps only dynamin isoform expressed in most nonneuro-
nal cells in an intact organism. Dynamin 2 has never been
knocked out at the whole organism level. Toward the goal of
generating cells that lack dynamin, we first targeted the dynamin
2 gene (see Figure S1 available online). The KO of dynamin 2
resulted in early embryonic lethality (genotyping of 9 litters
[between embryonic days 8 and 12] from heterozygote matings
identified 19 wild-type [WT], 45 heterozygote, and 0 KO embryos,
p = 1.8x105, c2 test], while homozygous conditional KO (dyna-
min 2LoxP/LoxP) mice were healthy and fertile as expected. Dyna-812 Developmental Cell 17, 811–822, December 15, 2009 ª2009 Elsmin 2 KO cells were obtained from primary cultures of fibroblasts
of these conditional KO mice following expression of Cre recom-
binase. Pilot experiments revealed defects in clathrin-mediated
endocytosis in these cells (Figure S2A). However, as also re-
ported recently (Liu et al., 2008), we found that cultured fibro-
blasts expressed dynamin 1 (Figure S2B), but not detectable
levels of dynamin 3 (Figure 1A and Figure S2C), and that over
time in culture, dynamin 1 levels increased (Figure S2B) with a
corresponding recovery of endocytic function.
Generation of Conditional Dynamin 1/Dynamin 2 DKO
Cells
Dynamin 2LoxP/LoxP mice were interbred with newly generated
conditional (see Experimental Procedures, Figure S1) or
germline dynamin 1 KO mice (Ferguson et al., 2007) and with
mice expressing 4-hydroxy-tamoxifen (OHT) inducible Cre
recombinase (Cre-ER), to obtain animals with the following
two genotypes: Dnm1/;Dnm2LoxP/LoxP and Dnm1LoxP/LoxP;
Dnm2LoxP/LoxP;CRE-ER+/0. Dynamin 1, dynamin 2 double KO
(DKO) cells were subsequently derived from fibroblasts of these
mice either by viral delivery of Cre recombinase or by exposure
to 4-hydroxy-tamoxifen, respectively. In both cases, Cre recom-
binase activity resulted in depletion of total dynamin content, as
shown by immunoblotting with antibodies specific for dynamin 1,
2, and 3, respectively, and with pan-dynamin antibodies (Figures
1A and 1B and Figure S2B). By immunofluorescent staining
for dynamin, we observed that there was a residual population
comprising less than 5% of the cells in which Cre was
ineffective/not expressed. DKO cells obtained by the tamox-
ifen-inducible KO method were used for a further in-depth study.
DKO Cells Are Viable but Have Endocytic Defects
Although a major defect in proliferation was present in DKO cells
(Figures 1C and 1D), surprisingly, these cells remained viable for
at least 4 weeks in culture and their overall appearance was
grossly normal. In these cells, clathrin coat components were
present at wild-type levels (Figures 1A and 1B). However,
clathrin-mediated endocytosis was drastically impaired, as
demonstrated by (1) lack of transferrin uptake (Figures 1E and
1F), (2) a corresponding accumulation of endogenous and
transfected transferrin receptor at the cell surface as revealed
both by immunofluorescence and by accessibility to cell surface
biotinylation (Figures 1G–1I and Figure S2B), (3) an increase in
the number of endocytic clathrin-coated pits with a clustering
in their distribution (Figures 1J–1L and Figures S3A and S3B),
and (4) an increase in their stability as demonstrated by time-
lapse imaging of GFP-tagged m2-adaptin (a subunit of the
endocytic clathrin adaptor AP-2 complex; Figure 1 M). Hence,
we conclude that endocytic clathrin-coated pits still formed,
but maturation to free clathrin-coated vesicles was dramatically
impaired in the absence of dynamin. The accumulation of
clathrin-coated pits in DKO cells could be rescued by electropo-
ration of dynamin 2-GFP cDNA, but not by a dynamin 2-GFP
mutant that lacked the C-terminal proline-rich domain (dynamin
2DPRD-GFP; Figure 1L). Notably, no parallel alterations in the
pattern of immunofluorescence (overall distribution and inten-
sity) for clathrin and for the clathrin adaptor g-adaptin were
observed in the Golgi complex (Figures S2C and S2D). The
changes in the staining pattern for endocytic clathrin-coatedevier Inc.
Figure 1. Cellular Proliferation and Clathrin-Mediated
Endocytosis Defects in the Absence of Dynamin
(A) Immunoblotting analysis with isoform-specific antibodies shows
that depletion of total dynamin levels from fibroblast cultures requires
the KO of both dynamin 1 and dynamin 2. Cells were harvested at 7
days posttransduction with either a control or a Cre recombinase
retrovirus.
(B) Tamoxifen treatment of Dnm1LoxP/LoxP;Dnm2LoxP/LoxP;CRE-ER+/0
cells depleted total levels of all dynamin proteins, levels of clathrin-
coated pit proteins were unaffected, caveolin 1 levels were reduced,
and levels of acetylated tubulin (Ac-tubulin) were increased. Results
are representative of >4 independent experiments.
(C) BrDU incorporation in control versus DKO cells (p = 0.014,
Student’s t test, n = 3 experiments).
(D) Dynamin DKO cells exhibit a proliferation defect as revealed by cell
counting (p = 0.0013, Student’s t test, n = 3 experiments).
(E and F) Uptake of Alexa594-labeled transferrin (Tf) in a representative
control cell (E) and DKO cell (F) showing strong intracellular/endoso-
mal versus plasma membrane localizations, respectively.
(G and H) Transferrin receptor(TfR)-pHluorin is predominantly local-
ized in endosomes in control cells (G) and at the cell surface in DKO
cells (H).
(I) Compared to control cells, DKO cells have highly elevated levels of
endogenously expressed transferrin receptor in the plasma
membrane/biotinylated fraction.
(J and K) Immunofluorescence (epifluorescence microscopy) staining
for the endocytic clathrin-coated pit marker a-adaptin reveals a higher
density of pits in the control (J) than in the DKO cell (K). The insets
show higher magnifications of the boxed regions. Note that the highly
abundant clathrin-coated pits in the DKO cell (K) tend to cluster
together.
(L) Electroporation with dynamin 2-GFP (Dyn2) but not dynamin
2-DPRD-GFP rescued the DKO clathrin-coated pit abundance
phenotype. Quantification based on a-adaptin immunostaining
(mean ± SEM, n = 12–14 cells/condition).
(M) Rates of clathrin-coated pit appearance and disappearance
measured from spinning disk confocal imaging of m2-GFP in Control
and DKO cells (n = 6 cells/genotype).
(N) Representative images of control and DKO cells following uptake
of FM1-43 (epifluorescence microscopy).
(O) Quantification of FM1-43 uptake (n = 10 control and 11 DKO cells,
respectively). Scale bars represent 10 mm. Data are presented as
mean ± SEM. See also Figures S1 and S2 and Movie S1 for support-
ing data.
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in cells where the expression of dynamin 1 and 2 was
suppressed with siRNA (Figures S1F and S1G).
At least some other forms of endocytosis occurred in the
absence of dynamin; for example, uptake of the membrane
dye FM1-43 was not decreased, but rather slightly increased
relative to controls (Figures 1N and 1O). Furthermore, addition
of growth factors still stimulated membrane ruffling and the
formation of Rab5-positive macropinosomes in the absence of
dynamin (Movie S1).
Dynamin has been implicated in the fission of caveolae from
the cell surface (Henley et al., 1998). The loss of dynamin
expression has complex effects on this process as revealed by
an overall decrease in caveolin 1 levels (Figure 1B), an altered
localization of the remaining caveolin 1 as assessed by immuno-
fluoresence (Figure S2E), and a major reduction (>4-fold) in the
overall number of caveolae at the plasma membrane as revealedDevelopmeby electron microscopy (Figure S2F). These changes with
respect to caveolae do not parallel the phenotype observed for
endocytic clathrin-coated pits (i.e., an increased abundance
due to impaired fission). They may reflect an indirect effect and
were not investigated further. Likewise, while there was a
pronounced increase in the levels of acetylated-tubulin in DKO
cells (Figure 1B), as recently reported in dynamin 2 knockdown
cells (Tanabe and Takei, 2009), the relationship of this phenotype
to the direct actions of dynamin was not explored further.
Tubulation of the Plasma Membrane in DKO Cells
To precisely determine at which stage clathrin-mediated endo-
cytosis becomes dynamin dependent, electron microscopy
was performed. The most unique and striking feature of DKO
cells was the abundance of clathrin-coated pits connected to
the plasma membrane by long, narrow, meandering tubules
(Figure 2), with an average diameter of 36 ± 1 nm (n = 69 tubules;ntal Cell 17, 811–822, December 15, 2009 ª2009 Elsevier Inc. 813
Figure 2. Massive Tubulation of Plasma Membrane Clathrin-Coated Pits
(A–G) Representative transmission electron microscopy images of shallow (A), omega-shaped (B), and tubulated clathrin-coated pits (C–E) and tubule fragments
(F and G) in DKO cells (60 nm thick sections). Arrows in (E) and (G) point to cross-sectioned tubules. Arrowheads in (F) point to the dense cytoskeletal matrix that
surrounds a cross-sectioned tubule. The scale bar in (A) is 100 nm and applies to (A)–(G).
(H) Morphometric analysis of electron microscopy images demonstrated the accumulation of tubulated clathrin-coated pits and tubule fragments (Student’s
t test, p = 0.002 and p = 0.046, respectively) within 500 nm of the plasma membrane of DKO cells. Inset shows sketches of the structures included in each
category. Data was obtained from 3 independent experiments; >10 cell profiles per genotype were randomly selected for analysis in each experiment.
(I) The great abundance of narrow tubules just below the DKO cell surface is evident in this Z-axis maximal projection of 90 slices from a dual axis tomographic
reconstruction representing a 180 nm thick subvolume from the original 250 nm thick section.
(J) Electron tomography three-dimensional reconstruction from single axis tomograms obtained from 3 serial DKO sections (750 nm total thickness) illustrating
the profusion of long, narrow plasma membrane tubules (green) most (13 of 16) of which are capped by clathrin-coated pits (red).
Scale bars in (I) and (J), 250 nm. Data are presented as mean ± SEM.
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clathrin-coated pits budding from the outer cell profile were also
visible (Figures 2A, 2B, and 2H). The three-dimensional structure
of the tubules and their relation to clathrin-coated pits in DKO
cells was further investigated by electron tomography. This
method showed that most tubules were clearly capped with
a coated bud and that all clathrin-coated vesicular structures
located in the cortical cytoplasm were connected to the surface
by the tubules (>500 nm long in some cases; Figure 2J).
The accumulation of endocytic tubulated clathrin-coated pits
occurred both on the ventral and on the dorsal portion of cells
(Figure 2I). No accumulation of clathrin-coated pits was observed
in the trans-Golgi network area in agreement with immunofluo-
rescence observations (see Figures S2C and S2D). We conclude
that dynamin, a membrane-tubulating protein itself in vitro (Sweit-
zer and Hinshaw, 1998; Takei et al., 1998; Takei et al., 1999), acts
to terminate a membrane-tubulating action initiated by other
factors at the neck of endocytic clathrin-coated pits. This was
of special interest, since prominent dynamin binding proteins
that colocalize with dynamin at late stage clathrin-coated pits in
fibroblasts, such as endophilin 2 (most similar to Rvs167 in yeast)
(Perera et al., 2006) and sorting nexin 9 (SNX9) (Yarar et al., 2007;
Lundmark and Carlsson, 2009), contain BAR domains.814 Developmental Cell 17, 811–822, December 15, 2009 ª2009 ElsPresence of BAR Domain Proteins at Sites of Tubulation
BAR domains are lipid bilayer binding modules that can sense
and/or generate narrow membrane tubules via their arc-shaped
structure (Farsad et al., 2001; Peter et al., 2004; Itoh and De
Camilli, 2006). Supporting a role of BAR proteins in the dynamics
of the tubules, immunofluorescent staining of endogenously
expressed endophilin 2 revealed its very robust and punctate
cortical accumulation in DKO relative to control cells
(Figures 3A–3C). This phenotype was rescued by expression of
dynamin 2-GFP but not of dynamin 2DPRD-GFP (Figure 3C).
Endogenous SNX9, an endocytic factor that like endophilin
contains a BAR and an SH3 domain, was also strongly accumu-
lated at the plasma membrane of DKO cells (Figures 3H and 3I).
Similar but less robust effects for endophilin 2 localization
were also observed in cells where dynamin expression was
suppressed by dynamin 1 + 2 siRNA transfection (Figure S3E).
Further analysis of live cells by spinning disk confocal micros-
copy indicated that endophilin 2-GFP puncta in DKO cells were
localized adjacent to clathrin-positive spots, consistent with their
presence on the tubular necks of clathrin-coated pits (Figure 3D
and Movie S2). The tubular nature of these structures was most
evident at the light microscopy level in thin cellular protrusions,
where cell geometry helped to constrain the tubules to grow inevier Inc.
Figure 3. Dynamin Binding BAR Domain Proteins Accumulate at the
Neck of Clathrin-Coated Pits in DKO Cells
(A and B) Endophilin 2 immunoreactivity in control and DKO cells, respectively
(epifluorescence microscopy).
(C) Electroporation with dynamin 2-GFP (Dyn2) but not dynamin 2-DPRD-GFP
rescued the phenotype of endophilin 2 clustering. Quantification based on im-
munostaining of endogenous endophilin 2 protein (n = 10–21 cells/condition).
(D) Spinning disk confocal imaging of endophilin 2-GFP and mRFP-clathrin
light chain (LCa) showing the presence of endophilin 2-positive tubules at
the base of a cluster of clathrin-coated pits in a DKO cell.
(E) Time course showing sequential recruitment of mRFP-LCa (red) and
endophilin 2-GFP (green) in a DKO cell. Numbers refer to the relative time in
seconds at which each image was taken.
(F and G) Endophilin 1-GFP (F), but not the endophilin 1-F10E mutant (G),
exhibits a punctate pattern of localization in DKO cells.
(H and I) Immunofluorescence staining of endogenous SNX9 in control and
DKO cells, respectively.
(J and K) CD2AP-GFP localization pattern in control and DKO cells,
respectively.
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Developmeparallel to the plane of imaging (Figure 3D and Movie S2).
Clathrin-coated pit assembly preceded the formation of
endophilin-positive tubules (Figure 3E). Interestingly, endophilin
2-GFP-positive tubules dynamically formed, elongated, and
retracted on a minutes-long timescale (Movies S2–S4). This was
in contrast to the overall stability of clathrin spots (Figure 3E and
Movie S2) and demonstrated that such tubules did not reflect a
dead-end pathway arising from the lack of dynamin. The impor-
tance of direct membrane interactions of endophilin via the BAR
domain was emphasized by observations that the F10E mutation
in helix 0, which was shown to block liposome tubulation in vitro
(Farsad et al., 2001; Gallop et al., 2006), also prevented its clus-
tering at sites of tubulation in DKO cells (Figures 3F and 3G).
An accumulation at the plasma membrane in the form of spots
or short tubules was a general feature observed for transfected
GFP- or RFP-tagged forms of multiple dynamin binding BAR
proteins, including endophilin 1, 2, and 3; SNX9; SNX18 (a close
homolog of SNX9) (Lundmark and Carlsson, 2009); and M-am-
phiphysin 2 (Lee et al., 2002)(Figures 3 and 6 and Figure S5).
CD2AP-GFP (related to Sla1 in yeast), a protein that like its close
homolog CIN85 is a major endophilin binding protein (Petrelli
et al., 2002; Soubeyran et al., 2002; Lynch et al., 2003) expressed
by fibroblasts (Figure S4A), which we have found to be recruited
before endophilin at clathrin-coated pits of wild-type cells
(Figure 3O), also accumulated at the plasma membrane of
DKO cells in a punctate pattern that colocalized with endophilin
(Figures 3J–3N). In no case did we observe accumulation of the
BAR domain proteins that we tested at the Golgi complex.
Collectively, these observations support a role of BAR domain
proteins, most likely an overlapping role of several BAR domain
proteins, in the formation and/or dynamics of the endocytic
tubular invaginations.
F-actin Accumulation at Tubulated Clathrin-Coated Pits
In view of the reported links between dynamin and actin function,
we next explored the effects of the lack of dynamin on the actin
cytoskeleton. A striking and obvious difference between DKO
and control cells in phalloidin staining for F-actin was an
increased abundance of punctate F-actin foci at the plasma
membrane (Figures 4A and 4B). The Arp2/3 complex was
coenriched at these foci (Figures 4C–4E), and this phenotype
was rescued by re-expression of dynamin 2, but not of the
dynamin 2DPRD mutant (Figure 4F). A similarly, although less
clear-cut, altered staining pattern for Arp2/3 was observed
upon siRNA-mediated downregulation of dynamin 1 and 2
expression (Figure S4B). N-WASP (Las17 in yeast) and cortactin,
i.e., two proteins that regulate actin nucleation via Arp2/3, and
myosin 1E (most similar to Myo 3/5 in yeast (Geli and Riezman,
1996)), an actin-based motor that binds dynamin (Krendel et al.,
2007), were also enriched at such foci (Figures 6O–6R and
Figures S4C and S4D). Coexpression of GFP fused to m2-adaptin(L–N) Colocalization of CD2AP-GFP with endophilin 2-mCherry at the plasma
membrane of a DKO cell.
(O) Sequence of CD2AP-GFP and endophilin 2-mCherry recruitment to a cla-
thrin-coated pit in a control cell. Frames were taken at 4 s intervals.
(A), (B), and (F)–(I) are epifluorescence microscopy images; the remainder are
spinning disk confocal images. Scale bars for (A), (B), and (F)–(K), 10 mm; (D)
and (E), 1 mm; and (L)–(N), 5 mm. Data are presented as mean ± SEM. See
also Figure S3 and Movies S2 and S5 for supplemental data.
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Figure 4. Enrichment of F-actin at Clathrin-Coated Pits in DKO Cells
(A and B) Phalloidin staining in control and DKO cells, respectively.
(C and D) Labeling of the same pair of cells from (A) and (B) with anti-Arp2/3
(p34 subunit) antibodies.
(E) Merged image of phalloidin (left and red in merged image) and Arp2/3
(middle panel, green in merge) staining from boxed region highlighted in (B)
and (D).
(F) Quantification of the abundance of Arp2/3 puncta and rescue of the DKO
phenotype by dynamin 2 but not dynamin 2DPRD (n = 9–13 cells/condition).
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816 Developmental Cell 17, 811–822, December 15, 2009 ª2009 Elsand of an F-actin reporter comprising the calponin homology
domain of utrophin (Utr-CH)(Burkel et al., 2007) fused to mCherry
revealed that these actin-rich sites correspond to sites of clathrin-
mediated endocytosis (Figure 4G). Accordingly, endophilin accu-
mulations in DKO cells coincided with the F-actin foci (Figures
4H–4J and Movie S3). Quantification of this colocalization in cells
coexpressing endophilin 2-GFP and Utr-Ch-mCherry (Figure 4H)
showed that 87.8% ± 4.8% (n = 1294 spots examined from 4
cells) of endophilin 2 spots overlapped with F-actin puncta.
Consistent with these findings, close inspection of electron
micrographs demonstrated that the tubules of DKO cells were
encased in an electron-dense matrix (Figure 2F), which was
reminiscent of the actin-based matrix around tubular invagina-
tions of the plasma membrane at endocytic sites (actin patches)
in yeast (Mulholland et al., 1994; Kaksonen et al., 2006; Idrissi
et al., 2008).
The Accumulation of Actin Foci in DKO Cells Is
Triggered by Clathrin
The robust presence of actin at arrested clathrin-coated pits fits
with the transient presence of actin and actin-regulatory proteins
previously reported at, at least, a subset of clathrin-coated pits
(Merrifield et al., 2002, 2005; Yarar et al., 2005; Le Clainche
et al., 2007). We have confirmed these findings and found that
in control cells 84% ± 5% (total of 92 pits from 4 cells) of
clathrin-coated pits (m2-GFP) acquired a burst of F-actin
(Utr-CH-mCherry) prior to their disappearance (see Figure 4K
for example). A plausible interpretation of these results is that
clathrin coats trigger the formation of actin foci and that under
normal conditions, the recruitment of dynamin limits actin
polymerization and tubule elongation by mediating fission of
the budding vesicle. In agreement with this hypothesis, in cells
depleted of clathrin by siRNA knockdown (Figures 5A and 5B),
the punctate plasma membrane accumulation of endophilin,
cortactin, actin, and Arp2/3 components no longer occurred
(Figures 5C–5F). Thus, clathrin coats play a major role in
nucleating the assembly of BAR proteins, actin-regulatory
factors, and actin, which in turn triggers tubule formation.
Clathrin-Coated Pit Tubulation Requires an Intact Actin
Cytoskeleton
The functional relationship between Arp2/3-mediated actin
nucleation and endophilin 2 enrichment at clathrin-coated pits
in DKO cells was tested by siRNA knockdown of the p34
(ARPC2) subunit of this complex. This subunit is encoded by
a single gene and makes contacts with multiple subunits within(G) Clathrin-coated pits (m2-GFP reporter) are sites of F-actin (Utr-CH-mCherry
reporter) enrichment in DKO cells.
(H) Endophilin 2-GFP and Utr-CH-mCherry colocalize in DKO cells.
(I) Control cell double labeled for F-actin (phalloidin staining) and endogenous
endophilin 2 (red, F-actin; green, endophilin 2).
(J) Colocalization of F-actin (phalloidin staining) and endogenous endophilin
2 foci in a representative DKO cell (red, F-actin; green, endophilin 2).
(K) F-actin (Utr-CH-mCherry) recruitment coincides with clathrin-coated pit
(m2-GFP) disappearance in a control cell. Images taken at 4 s intervals.
Scale bars in (B), (D), and (H), 10 mm; in (J), 5 mm. Images in (A)–(E), (G), and (H)
were acquired by epifluorescence microscopy and by spinning disk confocal
in (I)–(K). Data are presented as mean ± SEM. Supporting data is presented in
Figure S4.
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Figure 5. Clathrin Is Required for the Endophilin and Actin
Phenotypes of DKO Cells
(A) Transfection of clathrin heavy chain (CHC) siRNA effectively suppresses
clathrin heavy chain protein levels in both wild-type and DKO cells (5 days
post-transfection).
(B) Suppression of clathrin heavy-chain expression depletes clathrin-coated
pits from DKO cells as assessed by clathrin light-chain immunofluorescence.
(C–F) Endophilin 2 (C), cortactin (D), Arp2/3 (p34 subunit) (E), and F-actin (F) no
longer accumulate in clusters at the plasma membrane of DKO cells lacking
CHC. The remaining Arp2/3 puncta are comparable in abundance to those
observed in control cells (see Figure 3E).
The 10 mm scale bar in (B) applies to (B)–(D). The 10 mm scale bar in (F) applies
to both (E) and (F). All images were acquired by epifluorescence microscopy.
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that such a perturbation will affect the activity and stability of
the whole complex. Western blotting confirmed the successful
depletion of p34 (Figure 6A), and immunostaining of knock-
down cells revealed loss of the punctate staining pattern of
endogenous endophilin 2, suggesting a functional dependence
of the endophilin coated tubules on Arp2/3 function (Figures
6B and 6C).
Next, the contribution of F-actin to endocytic tubule dynamics
was directly and acutely tested using latrunculin B, a drug that
blocks actin polymerization by sequestering G-actin. Latrunculin
B induced a rapid (within <90 s) disappearance of the prominent
cortical F-actin puncta in DKO cells, as detected by loss of
phalloidin staining (Figure S4F) and dispersion of the Utr-CH
F-actin reporter (Movie S3). Ultrastructurally, these changes
were accompanied (again within <90 s) by the reabsorption
into the plasma membrane of the long narrow tubular necks of
clathrin-coated endocytic pits in DKO cells (Figures 6F–6I).
Such pits were converted to omega-shaped clathrin-coated
invaginations connected to the outer cell profile only by short,
wide necks (Figures 6F–6I).
Consistent with previous reports (Shupliakov et al., 2002;
Yarar et al., 2005), latrunculin treatment of control cells alsoDevelopmeresulted in a predominance of omega-shaped pits (Figures 6E
and 6I) with short, wide necks similar to those of DKO cells under
such conditions (control neck diameter, 61.9 ± 3.9 nm; DKO,
57.1 ± 2.3nm; n = 42; and 73 control and DKO measurements,
respectively, from 3 independent experiments). Thus, actin
polymerization contributes to the formation of a narrow neck at
clathrin-coated pits and is critical for the elongation of this
neck into a tubule in the absence of dynamin (Figure 7).
Effects of Actin Depolymerization on the Clustering
of Endocytic Factors
Analysis of endocytic proteins following latrunculin B treatment
revealed interesting and informative differences among them.
As expected, based on EM observations and previous studies
(Merrifield et al., 2005; Moskowitz et al., 2005; Yarar et al.,
2005), clathrin (GFP-CLC) did not disperse (data not shown).
Endophilin 2-GFP, its binding partner CD2AP-GFP (Figures
6J–6N and Movies S3–S7), and myosin 1E (Figure 6O and Movie
S8) dispersed, supporting their selective, F-actin-dependent
association with the narrow tubules. The dynamic nature of the
actin-dependent recruitment of endophilin is further demon-
strated by the rapid reclustering of endophilin upon washout of
latrunculin B (Movie S6). In contrast, GFP-N-WASP, an actin-
regulatory protein that acts at the plasma membrane upstream
of the Arp2/3 complex (Takenawa and Suetsugu, 2007), did
not disperse in response to latrunculin (Figure 6P and Movie
S7). However, its fluorescence became even more locally
confined to small spots, most likely accompanying the collapse
of tubulated pits to omega-shaped endocytic pits under these
conditions. SNX9, which contains a BAR domain, also lost its
tubular localization, but residual fluorescence was detectable
as discrete spots after actin depolymerization (Figure 6S and
Movie S9). This fraction of SNX9 possibly reflected a pool of
the protein localized at the collapsed pits due to the persistence
of its known interactions with N-WASP (Yarar et al., 2007),
endocytic clathrin-coat components, and integral membrane
proteins (Lundmark and Carlsson, 2009).
This actin dependence of the BAR domain coated tubules at
the base of clathrin-coated pits in DKO cells was striking and
unexpected as these BAR domain proteins can tubulate the
plasma membrane in a latrunculin-insensitive manner in other
contexts (see below and Itoh et al., 2005). However, consistent
with an actin-dependent role for this module of proteins in the
normal progression of clathrin-coated pits, we found that even
in control cells, the transient recruitment of endophilin 2 and of
CD2AP (an endophilin and F-actin binding protein) was rapidly
lost in response to latrunculin (Figures 6L and 6M and Movies
S4 and S5).
It is important to note that the actin-dependent, clathrin-cap-
ped tubules of dynamin DKO cells, which collapse upon latrun-
culin B treatment, differ from the non-clathrin-capped tubules
positive for BAR domain proteins that are triggered by latrunculin
B treatment (Itoh et al., 2005). Accordingly, following the latrun-
culin B treatment, new, very different (>1 mm long, generally
straight) BAR domain protein-positive tubules started to grow
in both control and DKO cells (Movies S4 and S6). This finding
emphasizes that an intact actin cytoskeleton is not generally
required for BAR domain-mediated membrane tabulation, but
rather is absolutely critical for membrane tubulation in thental Cell 17, 811–822, December 15, 2009 ª2009 Elsevier Inc. 817
Figure 6. Tubulation of Clathrin-Coated Pits Is Acutely Dependent
on Actin Polymerization
(A) siRNA-mediated depletion of Arp2/3 complex p34 subunit in control and
DKO cells (3 days after transfection).
(B and C) Representative endophilin 2 immunostaining from control siRNA
transfected and Arp2/3 (p34) siRNA transfected DKO cells, respectively.
(D) Representative example of a clathrin-coated pit from a control cell under
basal conditions.
(E) Example demonstrating a clathrin-coated pit with a widened neck from
a control cell that was fixed after 90 s of treatment with 5 mM latrunculin B
(Lat. B).
(F) A tubulated clathrin-coated pit that is typical of DKO cells under basal
conditions.
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818 Developmental Cell 17, 811–822, December 15, 2009 ª2009 Elscontext of a budding endocytic clathrin-coated pit in a living
cell.
DISCUSSION
In this study, by eliminating dynamin expression we have
obtained new insight into the molecular network that functions
upstream of this GTPase in clathrin-mediated endocytosis. Our
results demonstrate a coordinated action of the actin cytoskel-
eton and BAR domain proteins at clathrin-coated pits, which in
the absence of dynamin results in the tubular elongation of their
necks. The assembly of this protein network and the formation
of the tubules is seeded by clathrin-coat assembly, dependent
on actin polymerization, propagated by further actin poly-
merization and BAR protein accumulation, and terminated by
dynamin-dependent membrane fission under physiological
conditions (summarized in Figure 7). These findings fit with the
observation that many of the preferred interacting partners of
dynamin are membrane-tubulating proteins and/or actin-regula-
tory proteins (Ringstad et al., 1997; Slepnev and De Camilli,
2000; Conner and Schmid, 2003; Orth and McNiven, 2003;
Schafer, 2004; Itoh and De Camilli, 2006; Yarar et al., 2007)
and show that such proteins act, at least in part, upstream of
dynamin at endocytic clathrin-coated pits. While roles of actin-
nucleating proteins, actin, and BAR proteins in clathrin-mediated
endocytosis were shown by previous studies, many questions
remained open about their specific sites of action and relation-
ships to one another within the molecular steps underlying this
endocytic process.
The structures that accumulate in the absence of dynamin in
mammalian fibroblasts have a major resemblance to yeast actin
patches (Kaksonen et al., 2006)(Figure 7) and emphasize the
evolutionarily conserved action of the factors involved in their
formation. At actin patches, short, clathrin-capped tubular(G and H) Following Lat. B treatment, clathrin-coated pits in DKO cells no
longer have long, narrow, tubular necks but are instead connected to the
plasma membrane by short, wide necks. Arrows in (H) point to two such pits.
(I) Quantification of endocytic clathrin-coated pit morphology in control and
DKO cells both before and after Lat. B treatment. The stacked bars show
the percentage of pit structures represented by each morphology under the
indicated conditions. Data represents 106 control and 266 DKO clathrin-
coated pits randomly identified from 3 independent experiments.
(J) Endophilin 2-GFP puncta in DKO cells are dispersed upon Lat. B treatment.
(K) Quantification of time-lapse imaging of changes in endophilin 2-GFP spot
abundance in DKO cells upon Lat. B administration (t = 56.0 s, n = 8 cells).
(L and M) Endophilin 2-GFP recruitment is also Lat. B sensitive in control cells
(t = 30.1 s, n = 11 cells).
(N and O) The clustering of CD2AP-GFP and Myo1E-GFP in DKO cells are
sensitive to Lat. B.
(P–R) GFP-N-WASP (P) becomes brighter and more punctate in DKO cells in
response to actin depolymerization with Lat. B, while the coexpressed
endophilin 2-mCherry (Q) that initially colocalized with N-WASP dispersed.
(S) GFP-SNX9 in DKO cells lost its tubular localization and became punctate in
response to Lat. B.
All representative images of Lat. B treatment (5 mM) correspond a time point
90 s after addition of the drug.
Scale bars: 10 mm in (B) and (C), 100 nm in (D)–(H), and 2.5 mm in (J)–(S). Images
in (B) and (C) are maximal projections of deconvolved spinning disk confocal
Z-stacks. Images in (J)–(L) and (N)–(S) are single optical sections from spinning
disk confocal microscopy. Data are presented as mean ± SEM. Data in this
figure are further supported by Movies S3–S9.
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Figure 7. Diagrams Illustrating the Sequence of Events at Mamma-
lian Endocytic Clathrin-Coated Pits and the Evolutionarily
Conserved Relationship between Yeast Actin Patches and Cla-
thrin-Coated Pits of Higher Eukaryotes
Top: Proposed relationship between recruitment of various factors and
maturation of endocytic clathrin-coated pits. Dynamin mediates, or contrib-
utes to, membrane fission by acting on a tubular template that is generated
by growth of the coat and that is further constricted and elongated by
a concerted action of actin and BAR proteins. The dynamically extending
and contracting tubules observed in the absence of dynamin represent the
overgrowth of such templates. Disruption of F-actin by latrunculin leads to
collapse of the tubules to a short and wide clathrin-coated pit neck.
Bottom: Comparison of clathrin-coated endocytic intermediates and of the
molecular machinery supporting their formation in yeast (adapted from
Kaksonen et al., 2006) and in mouse fibroblasts. The presence of dynamin in
mouse cells (3), but not in yeast (1), minimizes tubule elongation. Lack of
dynamin (2) reveals the similarity of events upstream of fission in yeast and
fibroblasts. The scenario shown in (4) reflects the reported occurrence of
actin-independent, clathrin-mediated endocytic events. The membrane-
curvature sensing properties of BAR proteins and/or the direct or indirect
interactions of several BAR proteins with components of the clathrin coat
may be sufficient to trigger dynamin recruitment to endocytic pits under
such conditions.
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BAR proteins represent the endocytic intermediate preceding
vesicle fission (Kaksonen et al., 2005; Idrissi et al., 2008). The
tubules of DKO cells are generally much longer and are more
clearly capped by a vesicular clathrin-coated bud. However,
tubules of yeast actin patches have a similar diameter and are
surrounded by a similar molecular network (Mulholland et al.,
1994; Kaksonen et al., 2005; Idrissi et al., 2008). Furthermore,
our results demonstrate that the sequence of recruitment of
components of this network is generally the same in yeast (Kak-
sonen et al., 2006) and mammalian cells (this study). One differ-
ence is observed for Sla1, whose recruitment precedes actin
accumulation in yeast (Kaksonen et al., 2003, 2005), in contrast
to the recruitment after actin of its partial homolog CD2AP/
CIN85. However, Sla1 is additionally a cargo adaptor (coat
protein), and while CD2AP/CIN85 possess common scaffolding
and actin binding domains with Sla1(Lehtonen et al., 2002), they
do not contain the domain of Sla1 that is responsible for its cargo
adaptor function (Howard et al., 2002). Based on all these find-Developmeings, we interpret the actin-dependent tubular necks at the
base of clathrin-coated pits as being homologous to yeast actin
patches. Why yeast cells do not require dynamin for endocytic
vesicle fission (Kaksonen et al., 2006) remains a key open ques-
tion. Perhaps the presence of a cell wall and/or an increased
turgor pressure in yeast affects the biophysical parameters of
endocytosis (Aghamohammadzadeh and Ayscough, 2009).
Direct interactions of dynamin with cortactin and other actin-
regulatory factors suggested an interplay between dynamin
and actin but did not clarify whether actin could have a function
upstream of dynamin. Likewise, several studies have implicated
actin at multiple stages of clathrin-coated pit maturation,
including early stages (Shupliakov et al., 2002; Yarar et al.,
2005) during fission itself (Merrifield et al., 2002, 2005), or
postendocytic vesicle movement (Merrifield et al., 2002).
Observations of the temporally similar recruitment of endophilin
and dynamin to clathrin-coated pits in wild-type cells (Perera
et al., 2006) did not elucidate the order of their recruitment.
Our results demonstrate a dynamin-independent contribution
of actin polymerization in the constriction and deep invagination
of endocytic clathrin-coated pits just prior to dynamin-mediated
membrane fission, although they are compatible with additional
roles of such proteins and actin during and/or after fission.
Actin polymerization is not an absolute requirement for the
membrane-tubulating activity of the BAR domain proteins that
bind dynamin, such as endophilin and amphiphysin. These
proteins can tubulate protein-free liposomes (Takei et al.,
1999; Farsad et al., 2001; Peter et al., 2004) and even produce
long tubular invagination of the plasma membrane of living cells
under conditions in which the actin cytoskeleton has been
disrupted (Itoh et al., 2005) (Movies S4 and S6). Both these
conditions favor tubulation due to low membrane tension.
However, the tubulating activity of these proteins is specifically
harnessed in an actin-dependent manner in the physiologically
relevant context of shaping the neck of clathrin-coated pits,
and this function becomes even more evident in the absence
of dynamin. Under these conditions, the curvature-sensing
properties of BAR domains may predominate over their
curvature-generating properties and they could help stabilize,
then propagate, a tubular constriction generated by other
actin-dependent mechanisms. Additionally, or alternatively, the
presence at nascent endocytic sites of proteins that bind F-actin
as well as BAR proteins (for example the endophilin-binding
proteins CD2AP/CIN85 [Petrelli et al., 2002; Soubeyran et al.,
2002; Lynch et al., 2003]) may help, in cooperation with coat
components and cargo that recruit BAR proteins (Tang et al.,
1999; Slepnev and De Camilli, 2000; Lundmark and Carlsson,
2009), in enriching them to the critical concentration needed
for membrane binding and tubulation.
We have observed that lack of dynamin results in a robust
accumulation of F-actin at clathrin-coated pits. Conversely, it
is expected that conditions that favor rapid dynamin recruitment
and function will minimize the opportunity and requirement for
actin polymerization at endocytic sites (Figure 7). The persis-
tence of clathrin-mediated, dynamin-dependent endocytic
events after actin disruption (Moskowitz et al., 2005; Yarar
et al., 2005; Saffarian et al., 2009) is consistent with this
possibility. Under such conditions, dynamin could be recruited
by an actin-independent mechanism. The multiplicity of indirectntal Cell 17, 811–822, December 15, 2009 ª2009 Elsevier Inc. 819
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variety of pathways that likely contribute to concentrating this
GTPase at clathrin-coated pits. For example, recruitment of
dynamin could still proceed in the absence of actin via interac-
tions with BAR proteins that bind clathrin, AP-2, or cargo
proteins (Tang et al., 1999; Slepnev and De Camilli, 2000; Lund-
mark and Carlsson, 2009). Such recruitment could be further
facilitated by the curved template of the clathrin-coated pit
neck (Figure 7, bottom). These considerations could explain the
variability of results concerning the role of the actin cytoskeleton
in clathrin-mediated endocytosis depending upon the cell types
and contexts examined (Shupliakov et al., 2002; Sankaranar-
ayanan et al., 2003; Merrifield et al., 2005; Moskowitz et al.,
2005; Yarar et al., 2005; Le Clainche et al., 2007). Clathrin-coated
endocytic pits with long tubular necks have been described
previously in wild-type fibroblasts (Willingham and Pastan,
1983). The striking resemblance of such tubulated clathrin-
coated pits to the ones described here raises the possibility
that they originated due to an impairment of dynamin’s activity
under the specific conditions used for such experiments
(Goldenthal et al., 1984). Regulation of dynamin activity may
occur in the context of normal cellular physiology to coordinate
cargo recruitment with membrane fission.
While our results can be explained by a model whereby
dynamin limits elongation of tubular necks of clathrin-coated
pits by triggering fission, our observations are also compatible
with direct action of dynamin as a negative regulator of actin
polymerization at clathrin-coated pits. We note that functions
of dynamin in regulating cytoskeleton dynamics independent
from clathrin-mediated endocytosis have been proposed
(Henley et al., 1998; Cao et al., 2000; Ochoa et al., 2000; Lee
and De Camilli, 2002; Orth et al., 2002; Kaksonen et al., 2005;
Liu et al., 2008; Mooren et al., 2009; Tanabe and Takei, 2009).
These potential functions of dynamin should be further explored.
However, as the block of clathrin-mediated endocytosis and the
sequestration at arrested pits of actin regulatory and endocytic
factors produced by the lack of dynamin is expected to have
effects on signaling, as well as on a variety of other cellular
parameters, at least some of the nonendocytic structural and
functional changes that have been observed in cells with
impaired dynamin function may be indirectly connected to the
major function of dynamin in endocytosis.
In conclusion, our results provide new information on the
sequence of events that underlie clathrin-mediated endocytosis,
strengthen evidence of a highly conserved function of actin in
this process that extends from yeast to mammals, reveal an
intimate relationship between the actin cytoskeleton and BAR
proteins, demonstrate a sequential connection between the
endocytic function of actin and dynamin, and show that the
functional link between dynamin and actin is closely linked to
the endocytic function of this GTPase.
EXPERIMENTAL PROCEDURES
Gene Targeting Strategies
The dynamin 2 conditional KO targeting strategy (Figure S1) flanked a 1.5 kb
region containing exon 2 with loxP sites and inserted an FRT site-flanked
neomycin resistance cassette into intron 2. The dynamin 1 (Dnm1 gene
symbol, mouse chromosome 2) conditional KO targeting vector flanked exons
2–4 with loxP sites, inserted an FRT site-flanked neomycin resistance selection820 Developmental Cell 17, 811–822, December 15, 2009 ª2009 Elscassette into intron 1, and contained a 50 thymidine kinase negative selection
cassette (Figure S1). Animal care and use was carried out in accordance with
our institutional guidelines. A detailed explanation of gene targeting methods is
presented as Supplemental Data.
Fibroblast Cultures
Fibroblasts were isolated from KO and conditional KO mice from the age of
embryonic day 12 to post-natal day 1 and grown by standard methods.
Delivery of Cre recombinase was achieved by transfection, viral transduction,
or by 4-hydroxytamoxifen (OHT) activation of a Cre recombinase-estrogen
receptor fusion protein encoding transgene. Each method resulted in dynamin
depletion and the appearance of similar phenotypes over an interval of
5 days. See Supplemental Experimental Procedures for full details.
Antibodies
Immunoblotting of cultured fibroblasts was performed by previously described
methods (Ferguson et al., 2007). The sources of the antibodies used in this
study are summarized in the Supplemental Experimental Procedures.
siRNA Transfection
Cells were transfected with siRNA (150 pmol/transfection, IDT) using
RNAiMAX (5 ml/transfection, Invitrogen) and were used for experiments 3–5
days later to allow for target degradation. Sequences of the siRNAs are
provided in the Supplemental Experimental Procedures.
Assays for Characterization of DKO Cells
Cell proliferation was quantified by either direct counting or by antibody-based
detection of BrDU incorporation. Transferrin uptake was measured using
Alexa594 conjugated human transferrin (Invitrogen). Transferrin receptor bio-
tinylation was achieved using EZ-link Sulfo-NHS-SS-Biotin with subsequent
protein recovery on Neutravidin beads (Thermo Scientific). For FM1-43FX
uptake, fibroblasts were incubated for 30 min at 37C in 5 mg/mL FM1-43FX
(fixable analog of FM1-43 [Invitrogen]), washed, fixed in 4% paraformalde-
hyde-0.1M sodium phosphate (pH 7.2), mounted in Prolong Gold (Invitrogen),
and imaged as for the immunofluorescence experiments described below.
These methods are described in detail in the Supplemental Experimental
Procedures.
Electroporation, Plasmids, and Reagents
Cells for imaging experiments were electoporated with the Amaxa Nucleofec-
tor method and were plated at subconfluent densities into 2.5 mg/ml human
fibronectin (Millipore)-coated 35 mm glass bottom (thickness = 0.17 mm)
dishes (Mattek) and allowed to grow for 12 to 48 hr prior to imaging. Details
of plasmid construction and acquisition from other labs are presented in the
Supplemental Experimental Procedures.
Immunofluorescence
Cells were grown on either untreated or 5mg/ml fibronectin (Millipore) coated
glass coverslips and were fixed with 4% paraformaldehyde-0.1M sodium
phosphate (pH 7.2), washed with 50 mM NH4Cl (pH 7.2), then blocked and
permeablized with PBS + 3% bovine serum albumin + 0.1% TX100. Subse-
quent primary and secondary antibody incubations were made in this buffer.
Coverslips were finally mounted in Prolong Gold (Invitrogen). For epifluores-
cence imaging, samples were imaged with a Zeiss Axioplan2 microscope
using a Plan-Apochromatic 403 objective and a Hamamatsu ORCA II digital
camera under the control of MetaMorph v7.1.2 software (Molecular Devices).
Alternatively, as indicated, immunofluorescence data was also acquired by
spinning disk confocal microscopy (see below).
Widefield Video Microscopy
Imaging was performed at 30C –37C in the following buffer: 136 mM NaCl,
2.5 mM KCl, 2 mM CaCl2, 1.3 mM MgCl, 10 mM glucose, 10 mM HEPES
supplemented with 2.5% fetal bovine serum. Time-lapse widefield epifluores-
cent images were acquired with a Leica AM6000 inverted microscope
equipped with Plan-Apochromatic 403 oil and 633 glycerol immersion
objectives, and a CoolSnap HQ CCD camera (Photometrics). A 470/30 nm
excitation and 520/35 emission filter was used for GFP imaging. Image capture
and data acquisition were performed using Metamorph software V7.0r1.evier Inc.
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Image sequences were subsequently processed with Metamorph and ImageJ
software (1.40 g, NIH).
Spinning Disk Confocal Microscopy
Spinning disc confocal microscopy was performed using the Improvision
UltraVIEW VoX system including a Nikon Ti-E Eclipse inverted microscope
(equipped with 603 CFI PlanApo VC, NA 1.4, and 1003 CFI PlanApo VC,
NA 1.4 objectives) and a spinning disk confocal scan head (CSU-X1,
Yokogawa) driven by Volocity (Improvision) software. Images were acquired
without binning with a 14 bit (1000 3 1000) Hamamatsu EMCCD. Illumination
was provided by Coherent solid state 488 nm/50 mW diode and Cobolt solid-
state 561 nm/50 mW diode lasers. Emission filters for GFP and RFP were a
527 nm band single band pass center wavelength (CWL), 55 nm half-power
bandwidth (FWHM), and a double band pass 500–548 nm and 582–700 nm,
respectively. Typical exposure times and acquisition rates were 100–300 ms
and 0.25 Hz, respectively. Cells were imaged at temperatures ranging from
23C –37C. Where indicated, images were taken at 100 nm intervals in the
Z-axis, iteratively deconvolved with Volocity software, and presented as
maximal projections. Background signals were reduced by the use of a 3 pixel
filter (Volocity). Post-acquisition image analysis was performed with Volocity
as well as ImageJ software.
Electron Microscopy
Control and DKO fibroblasts (80% confluent) in 60 mm dishes were fixed in
2% glutaraldehyde-0.1M sodium cacodylate. After gentle scraping and
pelleting, subsequent electron microscopy and tomography procedures
were performed as previously described (Ferguson et al., 2007; Hayashi et al.,
2008). Details of morphometric analysis are presented in the Supplemental
Experimental Procedures.
SUPPLEMENTAL DATA
Supplemental Data include four figures, Supplemental Experimental Proce-
dures, Supplemental References, and nine movies and can be found online
with this article at http://www.cell.com/developmental-cell/supplemental/
S1534-5807(09)00479-1/.
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